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To terminate the reverse transcription of the human immunodeficiency virus type 1 (HIV-1) genome, a final
step occurs within the center of the proviral DNA generating a 99-nucleotide DNA flap (6). This step, catalyzed
by reverse transcriptase (RT), is defined as a discrete strand displacement (SD) synthesis between the first
nucleotide after the central priming (cPPT) site and the final position of the central termination sequence
(CTS) site. Using recombinant HIV-1 RT and a circular single-stranded DNA template harboring the cPPT-
CTS sequence, we have developed an SD synthesis-directed in vitro termination assay. Elongation, strand
displacement, and complete central flap behavior were analyzed using electrophoresis and electron microscopy
approaches. Optimal conditions to obtain complete central flap, which ended at the CTS site, have been defined
in using nucleocapsid protein (NCp), the main accessory protein of the reverse transcription complex. A
full-length HIV-1 central DNA flap was then carried out in vitro. Its synthesis appears faster in the presence
of the HIV-1 NCp or the T4-encoded SSB protein (gp32). Finally, a high frequency of strand transfer was shown
during the SD synthesis along the cPPT-CTS site with RT alone. This reveals a local and efficient 3*-5* branch
migration which emphasizes some important structural fluctuations within the flap. These fluctuations may be
stabilized by the NCp chaperone activity. The biological implications of the RT-directed NCp-assisted flap
synthesis are discussed within the context of reverse transcription complexes, assembly of the preintegration
complexes, and nuclear import of the HIV-1 proviral DNA to the nucleus toward their chromatin targets.

During the few last years, it has been shown that the plus-
strand DNA synthesis step of lentiviruses differs significantly
from that of other retroviruses. This step terminates by a
strand displacement (SD) synthesis of;99 nucleotides (nt) at
the center of the genome, which generates a central DNA flap
corresponding to a three-stranded structure with two overlap-
ping positive-strand segments (6, 44). This central flap synthe-
sis appears to be important for the replication of human im-
munodeficiency virus type 1 (HIV-1) in nondividing cells, since
mutants altering its formation are defective in their replication
(5, 6, 22). Nuclear import of the proviral DNA is impaired with
these mutants, while some HIV-derived vectors supporting the
central flap synthesis are activated for genetic transduction (12,
53). With such an impact, the HIV-1 central DNA flap requires
now a complete characterization (45).

The different steps leading to the central flap formation
during the lentiviral plus-strand DNA synthesis are summa-
rized in Fig. 1. This model is based on ex vivo experiments that
showed full-length nonintegrated linear DNA molecules ex-
tracted from HIV-1-infected cells containing a central discon-
tinuity on the plus strand (4, 6, 21, 44). The plus-strand DNA

synthesis is initiated from a couple of canonical polypurine
tracts (PPTs), which are resistant against the nucleolytic deg-
radation activity of the reverse transcriptase (RT)-associated
RNase H (37, 38, 39). The universal one flanking the 39 ele-
ment U3R is referred to as the 39PPT primer, and the other
one, located at the center of the RNA chain, is referred to as
the cPPT primer. These two RNA sequences are efficient prim-
ers for a discontinuous double initiation of the plus-strand
synthesis (4, 5, 21, 22, 27). The upstream strand initiated at the
39PPT is elongated through the cPPT, and by a mechanism of
strand displacement, up to a nearby site located 80 to 100 nt
downstream, referred as the central termination sequence
(CTS). CTS is extremely efficient in terminating HIV-1 RT-
catalyzed DNA elongation, whereas RT only pauses at this
stop signal in absence of SD synthesis (6, 28). This drastic effect
results from severe distortions within the nascent double helix
located in the CTS closely upstream of the discrete pausing
sites (ter0, ter1, and ter2 loci), which gradually force RT to
pause and then to dissociate as it reaches these sites. A series
of AnTm stretches found within the CTS box are the key
elements, as their base pairs are stacked in a way that generates
a compressed minor groove in a highly rigid and bent helix,
which clearly affects the binding of RT to DNA (28, 29). Cou-
pling this CTS property with the double-initiation strategy
leads to a termination of plus-strand DNA synthesis with a
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;99-nt DNA flap located at the center of the proviral DNA
(6).

The final steps of HIV-1 reverse transcription clearly consist
of both long terminal repeat (LTR) duplication and central
flap synthesis, two steps requiring SD synthesis (Fig. 1). They
must occur within the nucleoproteic reverse transcription com-
plex (RTC), including at least RT and the nucleocapsid protein
(NCp) as the active protein components (46). Synthesis of the
flap has not yet been studied in the RTC context. The HIV-1
NCp effect is not so clear for the 650-nt SD synthesis within the
LTR sequence: one study showed a positive effect, whereas a
second one did not (1, 14). All of the preceding steps of reverse

transcription were shown in vitro to be enhanced by NCp. NCp
promotes the primer-binding site (PBS)-directed initiation of
minus-strand DNA (34), the transfer of minus-strand strong
stop DNA in vitro (19, 38), the processivity of DNA synthesis
(23), the RNase H activity of RT (3, 38), and the transfer of the
plus-strand strong stop DNA (51). To assist most of these
reactions, NCp acts as a nucleic acid chaperone, combining
helix-destabilizing and strand-annealing properties (41, 47). In
addition, protein-protein interactions between NCp and RT
are critical (9, 33). Some effects of one or more additional
auxiliary protein(s) have also been proposed to be involved
within the RTC complexes. For instance, the HIV-1 proteins
Vpr and integrase are enhancing the fidelity of DNA synthesis
and the efficiency of the tRNAlys3-directed initiation, respec-
tively (35, 52). Concerning the in vitro SD synthesis, the human
SSB protein RP-A has been shown to stimulate it along the
LTR sequence (1, 15), when the HIV-1 RT is less active than
the Moloney murine leukemia virus (MMLV) RT to carry out
this reaction alone (50). On the other hand, the transition from
RTCs to preintegration complexes (PICs) implies a change in
the distribution of the proteins associated with the retroviral
genome (11, 24), progressively converted from two RNA mol-
ecules to one linear double-stranded DNA (dsDNA). The SD
synthesis, which delineates both the final steps of reverse tran-
scription and the DNA sites (central DNA flap and LTRs) that
are necessary for the PIC activities, is then an important pro-
cess to be analyzed. It may dynamically direct the association
of some protein-DNA complexes engaged in the PIC assembly
or in the necessary interaction between PICs and the associ-
ated cellular processes. To date with respect to the HIV-1
central flap being a product of SD synthesis, few data are
available about its biochemical properties. Generating this flap
in vitro is associated with a recombinatory process, relevant to
the strand displacement reaction (16), while an artificial flap
harboring a part of the central HIV-1 sequence is repaired in
vitro by the human flap nuclease FEN-1 (42).

Taking into account these data and hypotheses, we present
here the first in vitro assay that mimics the HIV-1 central
termination of plus-strand DNA synthesis in order to generate
a complete central flap. We have optimized and analyzed the
synthesis of DNA flaps catalyzed by HIV-1 RT on a circular
single-stranded DNA (ssDNA) template containing the HIV-1
central minus-strand DNA sequence (Fig. 2). Furthermore, we
have investigated the effects on flap synthesis of two efficient
ssDNA-binding proteins: the HIV-1 partner, i.e., NCp, and the
paradigmatic helix-destabilizing protein, i.e., the T4-encoded
single-stranded binding protein (SSB) gp32.

MATERIALS AND METHODS

Materials. Recombinant HIV-1 RT (heterodimer, p66-p51) was expressed in
Escherichia coli and purified as described before (36, 48). Enzyme concentrations
were routinely determined using an extinction coefficient at 280 nm of 260, 450
M21 cm21. The purified enzymes were stored at 270°C in aliquots with a fixed
concentration of 1 mg/ml. The concentration of active enzyme was estimated as
5 mM. NC protein (1–55) was obtained from L. H. Henderson (National Cancer
Institute, Frederick, Md.). Sequenase version 2.0 DNA sequencing kit was ob-
tained from U.S. Biochemical Corp., [g-33P]ATP (3,000 Ci/mmol) was from ICN,
and T4 polynucleotide kinase and gp32 were from AP Biotech. BspMI and SmaI
enzymes were provided by New England Biolabs. The chemicals used in this
study correspond to the best grade and were purchased from established man-
ufacturers.

FIG. 1. Simplified model of HIV-1 plus-strand DNA synthesis. The
two PPT RNA primers are the two constitutive primers of plus-strand
DNA synthesis. RT is not shown for clarity. (A) The 39PPT-primed
plus-strand DNA is transferred from one end of the minus-strand
DNA template to the other end (complementary to the PBS se-
quence), while a cPPT-primed plus-strand DNA is normally extended.
(B) The two PPT-primed plus-strand DNAs are further elongated,
while minus-strand DNA is completed with an SD synthesis which
forms the first dsLTR (LTR1). (C) The full-length DNA is produced
with the two LTRs (LTR1 and LTR2), the central flap (with a SD
synthesis initiated at the cPPT and blocked at the CTS site), and
without the two PPT RNAs, separated from the DNA by RNase H and
SD synthesis. The real chronology between the final steps and its
possible consequences are still unclear. As SD synthesis is at least 10
times slower than simple synthesis in vitro with RT alone, SD synthesis
may occur at the same time to generate the LTR1 and the central flap.
SD synthesis may also occur in the LTRs with two SD-converging RTs,
one elongating the minus-strand DNA (LTR1) and the other one
elongating the plus-strand DNA (LTR2) at the same time (49). How-
ever, repetitive pausing during the course of the normal two PPT-
primed plus-strand DNA synthesis and the strong pausing in the CTS
to reach the ultimate position (ter2) would favor the central flap to be
processed at the end of the reaction. Otherwise, secondary priming
sites may occur with a low frequency to perform the plus-strand DNA,
generating then some nonconstitutive sites of SD synthesis (27).
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Constructions. The EcoRI-EcoRI fragment of double-stranded pBru HIV-1
DNA (Pasteur Institute, Paris, France) was inserted into the pBluescript SK(1)
phagemid (Stratagene). The recombinant DNA was then digested with BspMI
(within the HIV-1 sequence) and SmaI [within the SK(1) polylinker]. The
39-BspMI overhangs were filled up with Taq DNA polymerase to generate blunt
ends. Intramolecular ligation with the SmaI blunt ends yielded a circular DNA of
3,352 bp, containing 402 bp derived from the HIV-Bru sequence (Fig. 2). Cir-
cular plasmid DNA (SK-PPT-CTS) was purified by cesium chloride density
gradient centrifugation in the presence of ethidium bromide (43). Circular phage
DNA was prepared using the M13 ssDNA purification protocol (43) after phage
production using the helper phage R408 (Stratagene). The ssDNA was further
purified by gel filtration on a Superose 6B Micro-Column in 400 mM NaOH
using a SMART system (AP Biotech) and then on m-Spin 400 columns (AP
Biotech) to ensure separation from phage coat proteins and contaminating
primers. The purified DNA was then analyzed by agarose gel and electron
microscopy.

Primers and hybrids. The oligonucleotides used in the experiments were
purchased from Eurogentec or Genset. The sequences are as follows: P0 (DNA,
18 mer, 59-AATTCCCTACAATCCCCA), P1 (DNA, 17 mer, 59-TTGGGGGG
TACAGTGCA), P2 (DNA, 17 mer, 59-GAGTACTCAACCAAGTC), and cPPT
(RNA, 16 mer, 59-AAAAGAAAAGGGGGGA). The oligonucleotides were pu-
rified on 20% polyacrylamide–7 M urea gels in TBE buffer (10 mM Tris-borate
[pH 8.0] and 1mM EDTA). The P0 primer was 59 end labeled with 33P using
[g-33P]ATP and T4 polynucleotide kinase (AP Biotech) according to the man-
ufacturer’s instructions and purified with m-Spin G25 columns (AP Biotech). The
hybrids were prepared by mixing the template and one unlabeled primer (P1 or
P2) at a 1:5 molar ratio or the template with the labeled P0 primer with or without
the unlabeled primer (P1 or cPPT) at a 1:1 or 1:1:5 molar ratio in 50 mM
Tris-acetate (pH 7.8), 50 mM sodium acetate, and 6 mM magnesium diacetate
for 3 min at 90°C, followed by 30 min at 60°C, and then cooled down to room

temperature. Complete hybridization was confirmed on native polyacrylamide
gels.

Extension from the 33P-labeled P0 primer to observe SD synthesis along the
cPPT-CTS region. The preannealed primer-template substrate (5 to 10 nM) was
incubated at 37°C with HIV-1 RT (4 to 150 nM) in a buffer containing 50 mM
Tris-acetate (pH 7.8), 50 mM Sodium acetate, 6 mM Magnesium diacetate, and
25 to 100 mM deoxynucleoside triphosphates (dNTPs). Incubation times and
deviations from the above standard reaction conditions are indicated within the
figure legends. The reactions were always stopped by adding EDTA at a final
concentration of 50 mM. The samples were then diluted with formamide loading
buffer including xylene cyanol and bromphenol blue (95% formamide after
sample evaporation). Alternatively, the DNA products were extracted with phe-
nol-chloroform-isoamyl alcohol and 1% sodium dodecyl sulfate, precipitated in
ethanol, and centrifuged and the pellets were dissolved in the loading buffer. The
samples were heated for 5 min at 90°C before loading them onto an 8% acryl-
amide gel containing 7 M urea. Electrophoresis was performed at 70 W until the
bromphenol blue dye reached the bottom. Finally, the gel was dried at 80°C,
exposed for 4 to 24 h, and scanned using phosphorimager technology (Phosphor-
Imager and ImageQuant; Molecular Dynamics).

Complete DNA synthesis followed by SD synthesis along the 3,352-nt circular
ssDNA. Primers P1 or P2 were annealed to the ssDNA, and the polymerase
reaction was carried out as described above. Typically, the products were ana-
lyzed in 1% agarose gel electrophoresis, followed by fluorescence detection. To
optimize nucleic acid migration, 1% lithium dodecyl sulfate (LDS) was added.
Single- and double-stranded DNA species were stained with SYBR Green I, as
recommended by the manufacturer (Molecular Probes), and detected at 254 nm
using an UV transilluminator. Photographs of the images were taken with a
standard Polaroid apparatus. In order to follow the pausing profile after one
round of synthesis, the products were digested with EcoRI to generate a 59 end
on the nascent strand (corresponding to a P0-like primed DNA). The 59 ends
were then labeled using a standard procedure. First, the 59 phosphates were
removed with calf intestine phosphatase (CIAP), followed by [g-33P]ATP label-
ing with T4 polynucleotide kinase. The DNA products were then loaded onto an
8% acrylamide gel containing 7 M urea. Electrophoresis was performed as
described in the former section. The ssDNA fragments that enter into the gel
were exclusively produced by an arrest of SD synthesis.

EM of the circular DNA products. DNA products were purified by gel filtra-
tion on a Superose 6B Micro-Column with a SMART system (both AP Biotech)
in 10 mM Tris (pH 7.5), 50 mM NaCl, and 1 mM EDTA. To obtain a good
spreading of ssDNA, T4 SSB gp32 was added to the DNA solution at a ratio of
one gp32 tetramer per 5 nt. Electron microscopy (EM) was performed as de-
scribed previously (30, 31). First, 5 ml of a DNA solution, at a final concentration
of 1mg/ml, was spotted onto a 600-mesh copper grid coated with a very thin
carbon film activated by a glow discharge in the presence of pentylamine accord-
ing to the method of Dubochet et al. (10). Grids were washed with a 2% aqueous
uranyl acetate solution, dried, and viewed in the annular dark-field mode, using
a LEO-Zeiss 902 electron microscope. Individual molecules were directly ana-
lyzed at a final magnification of 3340,000 on a Kontron Image Analysis System
connected to the microscope through a video camera. Contour length measure-
ments of the DNA were done by using the x and y coordinates obtained by
digitization of the DNA images.

RESULTS

Overall strategy: primer elongation along a circular ssDNA
template. In order to analyze the central termination process,
an HIV-1 DNA fragment containing the cPPT-CTS sequence
was inserted into a Bluescript phagemid DNA (Fig. 2). Puri-
fication of the recombinant circular ssDNA from phage sus-
pensions was optimized in order to reduce the level of con-
taminating coat proteins as well as copurifying primers (see
Materials and Methods). This allowed us to analyze the prod-
ucts of DNA synthesis not only with radiolabeled primers but
also by fluorescence detection in agarose gels and directly by
EM. To study the strand displacement synthesis on the HIV-1
DNA template, we applied two classical approaches of primer
extension. The first one uses two adjacent primers: the up-
stream primer was end labeled, and the elongated strand from
the downstream primer generated the strand to be displaced.

FIG. 2. Strategy to mimic the plus-strand DNA synthesis. The
EcoRI/BamHI fragment of the HIV-1 Bru DNA, containing the cPPT
and CTS sequences, is inserted in a pBluescript SK(1) phagemid
DNA. This generates the single-stranded model substrate pBS-SK(1)–
cPPT-CTS used as a template for HIV-1 RT. For the experiments
described in this study, the primers P0, P1, and P2 were used. These
primers are 17-mer oligodeoxyribonucleotides corresponding to the 59
region of the EcoRI site (P0), the 59 end of the central flap (P1), and
the 59 region of the ScaI site (P2), respectively. P0 and P2 are located
134 and 1,293 nt upstream of P1, respectively.
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The second approach takes advantage of the fact that the
template is circular. The primer is first elongated generating a
partially double-stranded substrate, and this new strand is then
displaced upon further elongation of the DNA template. The
reaction resembles a rolling-circle mechanism, which will de-
pend on the efficiency of HIV-1 RT-catalyzed strand displace-
ment synthesis. The tail length of the displaced strand can be
analyzed within the flap by band shift assays on agarose gels or
more directly by EM after covering the ssDNA with an SSB
protein. The polymerase pausing pattern on extended DNA
chains can be analyzed by end labeling after an endonuclease
digestion of the dsDNA products.

Pausing patterns of HIV-1 RT along the cPPT-CTS nega-
tive-strand DNA template. The SD synthesis within the cPPT-
CTS locus catalyzed by HIV-1 RT was first observed perform-
ing kinetic experiments of primer extension. DNA synthesis
was initiated from a labeled primer P0, located 134 nt upstream
the cPPT, in the presence or absence of a strand to be dis-
placed. SD synthesis is initiated by displacing the strand initi-
ated at the primer P1, located at the 39 end of the cPPT and
corresponding to the 59 end of the central flap. Different con-
ditions were tested by our assay in order to reduce the dis-
tributivity of the reaction. Acetate was substituted for chloride
since it gave a slightly better processivity (data not shown).
Generally, RT was in two- to sixfold excess over the annealed
primers, and dNTPs were added in a large excess (100 mM
compared to 5 to 9 nM of template). Figure 3 presents a typical
experiment comparing normal and SD synthesis with a twofold
excess of RT over substrate.

The strong pausing at ter0, ter1, and ter2 within the CTS
site, characterized previously (6, 28), was observed in both
situations: normal DNA synthesis compared to SD synthesis.
These sites represent the strongest pausing sites under our
conditions. Without SD synthesis, the enzyme is able to slowly
overcome these pausing sites with increasing time of incuba-
tion, with ter2 showing the stronger pause. Upstream of the
CTS, two other pausing sites could be revealed. The first one,
not shown before, was identified upstream of the cPPT, cor-
responding to the position 4749 (HIV-1 Bru). The second
sequence was located within the cPPT site in an A-repeat, like
that already shown (26). During SD synthesis, RT makes ad-
ditional strong pauses between the cPPT and the CTS. A first
pause is normally located at the start of the SD synthesis
corresponding to the 59 end of the downstream strand. A
second pause, weaker than the first one, is located within a
sequence, where four guanines are to be incorporated. Fur-
thermore, we observed a general slowdown of elongation dur-
ing SD synthesis. The pauses observed within 3 min of incu-
bation without SD were similar to the pauses observed within
30 min of the SD synthesis. No significant elongation from this
pausing sites could be observed even when the reaction was
extended to 60 min. Elongation is therefore slowed down ca.
10-fold in the context of SD synthesis compared to normal
synthesis. With a high excess of RT and long incubation times,
ter2 can be bypassed (data not shown). These results, which for
the first time take into account the complete 39 cPPT-CTS
DNA strand to be displaced, confirm the previous results and
show that RT alone is able to synthesize in vitro the central
DNA flap shown ex vivo, even if the reaction is carried out with
an apparent low processivity.

SD synthesis is more efficient in the presence of NCp or
gp32 protein but still terminates at the CTS sequence gener-
ating the central flap. We have analyzed the effect of different
viral and SSB proteins during the elongation experiments.
These proteins were chosen because of their known properties
to be associated with the RT or their positive effect on SD
synthesis. The NCp was carefully tested because it is referred
as an RT auxiliary compound during the course of reverse
transcription, and it transiently behaves like a helix-destabiliz-
ing protein (18). SSB proteins such as the human RPA, E. coli
SSB, and the T4 gene 32 protein (gp32), generally known to
promote the strand displacement process (2), were also exam-
ined, as well as integrase and viral protein R (Vpr), proposed
to be part of the HIV-1 preintegration complex (13). A com-
parison between these proteins showed that only NCp and
gp32 have a noticeable positive effect (data not shown for the
other checked proteins). The patterns of pauses obtained in
the presence of gp32 and NCp were similar (Fig. 4). The

FIG. 3. Comparison of normal DNA synthesis versus SD synthesis
along the minus-strand HIV-1 central DNA catalyzed by HIV-1 RT. 59
33P-labeled P0 primer was annealed to pBS-SK(1)–cPPT-CTS to an-
alyze normal synthesis. For the SD reaction unlabeled primer P1,
located 134 nt downstream of P0, was annealed in addition. A prein-
cubated solution of RT (20 nM) and hybrid (9 nM) were mixed with all
four dNTPs (100 mM) to start the reaction. The times of reaction are
indicated. Lane t is a control without dNTPs. Lanes G, A, T, and C
show a sequencing reaction of the central plus-strand DNA with the
corresponding nucleotides using Sequenase and labeled P0 primer.
The conditions of the polymerase reaction, electrophoresis, and visu-
alization are given in Materials and Methods.
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applied concentrations of NCp or gp32 were in a range classi-
cally used to cover the DNA molecules with protein (one
molecule for 10 nt). With RT alone and in limiting amounts
(6.6 nM), very few products bypassed the initiation site of SD
synthesis (i.e., the 59 end of P1 primer), even with incubation
times of 30 min. On the other hand, in the presence of NCp or
gp32 the amount of longer products increased significantly
within an enlarged distribution of the products from the 59 end
of P1 primer to the ter2 site. The only difference between the
effect of NCp and the gp32 is the faster disappearance of
pauses within the cPPT when the NCp is used.

To determine the concentration of NCp required for maxi-
mal enhancement of SD synthesis, an assay was performed
with an RT concentration of 16.6 nM, a hybrid concentration
of 9 nM, a 30 mM concentration of nucleotides, and increasing
amounts of NCp (from 0.75 to 3 mM, corresponding to one
NCp molecule per 40 to one per 2.5 nt) (Fig. 5A). After 10 min
in the absence of NCp, the products accumulated at the paus-
ing sites described in the upper section: position 14749, cPPT,
and the SD 59 end, showing the most dramatic effect. Only a
very few products were extended up to the CTS. After 50 min,
most of the products were extended to the CTS. Adding in-
creasing concentrations of NCp to the reaction led to a steady
increase in the length of the DNA products toward the CTS.
The cPPT pausing site disappeared rapidly, whereas to sup-
press the pausing at the SD 59 end required higher concentra-
tions (one NCp for 5 nt). For all products to terminate at ter0,
ter1, and ter2 after 50 min of incubation, an NCp ratio of 1 per
2.5 nt was necessary. At the two higher concentrations of NCp
applied, only small amounts of elongated primers up to the
cPPT-CTS region were found, whereas the majority of the
primers were observed to migrate as free primers in the elec-
trophoresis. This presence of nonextended primers was likely
due to an inaccessibility of the primers for RT (8) and/or a

disannealing induced by the known destabilizing property of
the NCp (47). However, all of the products generated at these
concentrations of NCp reached the CTS zone. This clearly
demonstrates that NCp increases the processivity of RT during
SD synthesis in the cPPT-CTS window. For normal DNA syn-
thesis in this region (i.e., no SD synthesis), similar results were
obtained (data not shown).

In order to evaluate more closely the impact of NCp on the
RT-directed synthesis, elongation was performed under strand
displacement conditions with increasing concentrations of RT
(4 to 56 nM) in the absence or presence of NCp (6 mM, one
molecule per 6 nt), using a hybrid concentration of 9 nM and
incubation times of 10 and 50 min (Fig. 5B). At the lowest RT
concentration (4 nM) in the absence of NCp, only very few
primers were elongated. At the next higher RT concentrations
(8 and 16.4 nM) still without NCp, there were a few more
primers elongated with the characteristic pausing sites (4749
and cPPT), while few products reached the CTS after 50 min.
In the presence of NCp, no synthesis could be obtained for the
lowest concentration of RT (4 nM). When increasing the RT
concentration to 28 or 56 nM, some DNA synthesis was ob-
served in the presence of NCp. However, according to the
results shown above (Fig. 5B) with high concentrations of
NCp, while the majority of primers were not extended, all of
the extended ones reached the cPPT-CTS region. With a RT
concentration of 28 nM and an incubation time of 50 min, most
of the products reached a position between the cPPT and CTS
sites without NCp and the ter1-ter2 pausing site with NCp. In
the presence of NCp, the efficiency of RT to overrun the
pausing sites was increased for both normal synthesis (up-
stream P1) and SD synthesis (downstream P1). Independent of
NCp presence, few products were observed to pause at sites
downstream of the CTS site at the highest RT concentrations
used here. Inhibition of the synthesis observed at a low RT
concentration in the presence of NCp could be again explained
by the removal of the primer actively from the template by
NCp and/or by an inaccessibility of the primers for RT, sug-
gesting a competition for binding between RT and NCp. This
effect was obtained for an RT range from 4 to 16.4 nM, with a
9 nM concentration of hybrid (stoichiometric with RT concen-
tration) and an NCp concentration of 5 mM, typically used to
cover the DNA (one NCp per 10 nt). It could be circumvented
by applying an RT concentration of 28 nM, corresponding to
an RT/NCp ratio of 1/150. This defines the minimal RT/NCp
ratio necessary to allow initiation of DNA synthesis. This value
is quite a bit lower than the situation in the virions, which is
about one molecule of RT per 20 molecules of NCp (46).

cPPT RNA primer: an additional barrier for the generation
of the central flap. In vivo, the situation is obviously more
complex with the cPPT primer consisting of RNA. The gener-
ation of this RNA primer by the RNase H activity during
negative-strand DNA synthesis has been shown experimentally
for HIV and equine infectious anemia virus (27, 44). Therefore
the 59 nucleotide of the P1 primer should be next to the 39
nucleotide of the cPPT primer (4). Further, according to stud-
ies on the elongation from the 39 PPT, it can be proposed that
after priming from the cPPT RNA and incorporation of several
nucleotides, the newly generated RNA-DNA chimera is
cleaved by the RNase H activity, and the cPPT primer stays
annealed to the DNA template (17, 40). Up to this stage, we

FIG. 4. Effect of NCp and gp32 on the kinetics of SD synthesis.
Extension from labeled P0 primer in combination with unlabeled
primer P1 was performed with a limited amount of RT (6.6 nM) in the
presence of NCp (3 mM) or gp32 (3 mM). The concentration of the
annealed primer P0 was 9 nM. Lane t is a control without dNTPs.
Products were analyzed as described in Materials and Methods.
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deliberately neglected this experimental complication circum-
stance to fully focus on the synthesis of the final product of
reverse transcription (i.e., the central flap).

However, since it is not known whether this RNA primer is
still present during SD synthesis in vivo, we performed exper-
iments with a labeled P0 primer in the presence of the cPPT
RNA (Fig. 6). Without the cPPT RNA primer, a weak pausing
at the cPPT site was observed in the first minute, as well as
other pausing events up to the CTS site. After 5 min of incu-
bation the products were located only at the ter1 and ter2 sites,
and after 30 min they started to accumulate at the ter2 site,
with some products elongated up to sites downstream of the
CTS. With the cPPT RNA primer, the three bands typically
found for pausing at the cPPT were observed within 1 min as
described above (Fig. 3 to 5). This pattern did not change much
with additional incubation times up to 30 min, although a few
products reached the ter1 and ter2 sites. Therefore, initiation
of SD synthesis was clearly less efficient with the RNA primer.
In contrast, the pausing pattern obtained with the downstream
P1 primer appears quite different. Already after 5 min, strong
pausing was visible at the SD 59 end and the ter1 and ter2 sites.
Further incubation for up to 30 min triggered the cPPT paus-
ing site to disappear and the pausing at the SD 59 end to be
strongly reduced. When the same kind of experiment was per-
formed with both the P1 and the cPPT RNA primer annealed,
the two types of pausing events (cPPT and SD 59 end) were
found again, the stronger one being at the cPPT level. These
results show that bypassing the pause site at the SD 59 end is
easier than at the cPPT site with an annealed RNA primer: the

cPPT RNA staying on the template represents a very strong
barrier in an SD synthesis context. Furthermore, these results
also suggest that DNA and RNA displacements are not equiv-
alent. Experiments with the cPPT primer consisting of DNA

FIG. 5. Dependence of the SD synthesis on the NCp and RT concentrations. (A) Products of SD synthesis with a fixed concentration of RT
(16.6 nM) and increasing amounts of NCp (0.75, 1.5, 3, 6, and 12 mM). (B) Products for SD synthesis with increasing amounts of RT (4, 8, 16.4,
28, and 56 nM) and a fixed concentration of NCp (4.4 mM). In both cases, the reactions were performed for 10 and 50 min, respectively. The
concentration of the annealed primer P0 was 9 nM. Lane t is a control without dNTPs. Products were analyzed as described in Materials and
Methods.

FIG. 6. Comparison of P0 primed DNA synthesis with or without
the P1 primer, the cPPT RNA, or a combination of both. The concen-
trations of the labeled P0 primer and RT were 9 and 16.4 nM, respec-
tively. Lane t is a control without dNTPs. The conditions of electro-
phoresis and visualization are as described in Materials and Methods.
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instead of the RNA revealed a fast bypassing of the pause site
at the cPPT level (data not shown). As an RNA-binding pro-
tein, NCp might play a role in this context. In order to analyze
its effect on RNA displacement, compared to gp32, these pro-
teins were added to the reaction. NCp was partially efficient to
assist this reaction, while gp32 was not (data not shown).

After one round of elongation, HIV-1 RT-catalyzed SD syn-
thesis is not effective along the circular template to perform a
rolling circle but is effective to produce the central flap. In
order to study the SD synthesis in conditions closer to the in
vivo situation, we have analyzed complete DNA synthesis
along our circular ssDNA template with only one primer an-
nealed: P1 or P2 (H1 or H2 hybrids). Here, the first round of
DNA synthesis is normal, whereas the following rounds re-
quire SD synthesis. With an efficient SD synthesis, the reaction
resembles the situation of rolling circle replication (2). Observ-
ing the polymerization properties of HIV-1 RT in such a re-
action allows us (i) to easily assess the efficiency of RT in SD
synthesis anywhere along the template; (ii) to directly study
both normal synthesis and SD synthesis for a DNA length
closer to in vivo PPT-primed plus-strand DNA segments; and
(iii) to devise some more sophisticated in vitro experiments in
order to study the functional relationships between HIV-1
plus-strand synthesis, central flap formation, and the assembly
of HIV-1 preintegration complexes.

Complete DNA synthesis requires 3,335 nt to be incorpo-
rated for the first round. This can be analyzed, after quenching
the reaction, by agarose gel electrophoresis of the DNA prod-
ucts. The successive conversions from circular ssDNA to
dsDNA result in a consecutive gel shift of the products (Fig.
7A, H1 and H2, from 0 to 20). Using a 20-fold excess of RT
over the annealed primer (100 versus 5 nM) at 37°C, a full
circle is observed within 20 min regardless of the starting po-
sitions P1 and P2, respectively. Incubation for another 40 min
did not change the electrophoretic properties of H1. A slight
smear could be observed for H2 (Fig. 7A, H1 and H2, from 20
to 60). Discrete bands were obtained for H1 after 60 min of
incubation with RT, followed by digestion with DraIII or
AlwnI, while the smear was markedly increased for H2 linear
products (Fig. 7A, H1 and H2, a and b). A double digestion of
the products with these two enzymes under the same condi-
tions generated two discrete bands for H1, whereas the faster
band in case of H2 disappeared completely, being replaced by
a slow-migrating smear(Fig. 7A, H1 and H2, c). As shown in
Fig. 2, the faster band contains the P2 sequence (shorter frag-
ment) and the slower band contains the P1 sequence (larger
fragment). These data demonstrate that SD synthesis indeed
occurs after one round of elongation along the circular tem-
plate. In the case of the H1 hybrid, the extended P1 primer was
displaced and the reaction stopped at the CTS site (as shown
above; see also Fig. 3 and 5), producing the central flap. How-
ever, the displaced strand is too short (99 nt at maximum) to
reduce the mobility of the dsDNA. The H2 hybrid progressed
gradually after initiation from the P2 position, generating a
growing strand displacement shifting the dsDNA in a very
heterogeneous manner. This tail did not reach the CTS since it
stops before without any discrete termination. In case of a
discrete termination event, one would have obtained a discrete
band shift and not a smeary shift. However, the limited smear-

ing effect indicates that tail extension is easily blocked nonspe-
cifically by some unknown mechanism (see below).

Since NCp and gp32 were shown to be effective in promoting
SD synthesis within the P1-CTS region, DNA synthesis along
the circular template was carried out in the presence of these
proteins using both hybrids H1 and H2 (Fig. 7B). The first set
of experiments was performed for 20 min. NCp, as well as
gp32, was shown to slightly speed up this process (Fig. 7B,
shifted band after 8 min of incubation). From 20 to 60 min of
incubation, the dsDNA bands in case of H1 remain the same
regardless of whether NCp or gp32 is added or not. However,
two minor but discrete, slower-migrating bands appeared. This
is most likely due to recombination events caused by SD syn-
thesis (see also Fig. 10 and the next section). For H2, the
situation is different in respect to the auxiliary proteins. A
slight smear was obtained for RT alone and RT with NCp
added to the reaction. However, with gp32 the DNA products
progressively shifted to more discrete bands, indicating SD
synthesis to be more efficient in this case (already after 20
min). None of the other DNA-binding proteins investigated
with this assay gave such a result (data not shown), though
human RP-A and E. coli SSB have some effect, as already
shown by others for SD synthesis within the LTR (1, 14).

FIG. 7. DNA synthesis along the circular ssDNA template with the
primers P1 or P2 annealed to the template. The corresponding hybrids
are named H1 and H2. (A) The kinetics of the reaction with HIV-1 RT
(100 nM) are shown for each hybrid (5 nM) from 0 to 60 min (see top
of the gel): DNA products were shifted gradually from the circular
ssDNA (ssc) to the open circular dsDNA (dsoc). After 60 min, DraIII
and AlwNI (see Fig. 2) were added to the mixture separately (a and b)
or together (c) for another 30 min. Simple digestions linearized the
circular dsDNA (dsl), while the double digestion is supposed to gen-
erate two fragments (P1 and P2 sequences are located within the larger
and the shorter fragment, respectively). (B) Comparison of the kinetics
(8, 20, and 60 min) of DNA synthesis is shown on agarose gels with the
same hybrids H1 and H2 (H1 and H2, 5 nM each) with RT alone (150
nM), RT (150 nM) plus NCp (3 mM), and RT (150 nM) plus gp32 (3
mM). The ss lane contains a circular ssDNA (ssc) as a control. After
preformation of the RT-DNA complexes for 2 min, NCp and gp32
were added to the mixtures together with the dNTPs. Reactions were
stopped with 1% LDS and 50 mM EDTA. The conditions of the
reactions, electrophoresis, and fluorescent visualization are given in
Materials and Methods. SYBR Green I fluorescence is enhanced as
the base pair contents increase within the DNA circles.
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The major goal to be accomplished with this circular DNA
synthesis system was to analyze both the RT efficiency to pro-
duce the HIV-1 central DNA flap after a 3,335-nt primer
extension and to investigate the products of this reaction. Us-
ing the H1 hybrid to generate the central flap after one round
of DNA elongation, the agarose gel analysis revealed that SD
synthesis was clearly blocked close to its initiation. The exper-
iments, shown above using two primers, were done with the P0

primer as the labeled primer (compare Fig. 3 to 6), where the
59 end of this primer matched with the 59 end of the EcoRI site
in the nascent strand. Thus, in order to analyze the pausing
profile of the nascent strand, DNAs were cut by EcoRI and
subsequently 59 end labeled with 33P. A particular set of sam-
ples was analyzed in such a manner (Fig. 8). The reactions
were allowed to proceed for 60 min, applying increasing con-
centrations of RT (Fig. 8A) or adding either NCp or gp32 at a
limiting concentration of RT (Fig. 8B). This resulted in the
generation of a central flap within the circular DNA showing a
39-end distribution of the nascent strand within the CTS site,
predominantly in the ter1-ter2 window. This clearly shows that
in vitro synthesis of the HIV-1 central DNA flap, which occurs
after one round of elongation, follows the same pattern as that
described above.

EM gives the opportunity to complete these data by the
direct observation of individual DNA molecules at various
stages of DNA synthesis, as well as in different experimental
conditions. After the reactions were stopped, the products
were purified by gel filtration chromatography and visualized
in the presence or absence of gp32. This SSB protein is used
for EM since, by covering ssDNA, it allows its spreading, lead-
ing to a blurred filament (Fig. 9a), thicker than the double-
stranded counterpart (Fig. 9b). This allows unambiguous visu-

alization of the single-stranded structure of the flap (Fig. 9b to
d), whose length varies according to the hybrids (H1, H2) used.
H1 incubated with RT for 60 min resulted in the generation of
a major population of dsDNA with a small, homogeneously
tailed ssDNA that was no more than 100 nt long (Fig. 9b).
Digestion by DraIII-AlwNI allowed us to confirm the flap po-
sition (Fig. 9c). Under the same conditions of incubation, H2

led to the generation of a major population with a larger,
heterogeneous extruded ssDNA with an average length of ca.
400 nt (Fig. 9d). A second minor population was also found,
exhibiting an unexpected tailed filament, derived from the flap,
which was either double stranded (Fig. 9e) or partially double
and single stranded (Fig. 9f). Interpretation of these results is
discussed in the next section.

A high level of strand transfer occurs during SD synthesis
with RT alone and a 3*-5* branch migration is highlighted as
a possible event during synthesis of the central flap by HIV-1
RT. EM has revealed some atypical products with the H2

monomeric circular forms: dsDNA circles with an extruded
dsDNA (Fig. 9e) or with an extruded dsDNA terminated with
a ssDNA loop (Fig. 9f). It showed that an increase in length
during SD synthesis favored the occurrence of dsDNA within
the tails that may block further DNA elongation, thus explain-
ing the limited smearing shift for the dsDNA products on an
agarose gel. Extruded dsDNA means that a direct strand trans-
fer of the nascent strand from its native template to the dis-
placed strand, at the vicinity of the branching site, was followed
by a DNA synthesis along the initial displaced strand. Extruded
dsDNA terminated with a DNA loop may be explained by a
39-59 branch migration displacing the nascent strand, followed
by an intra-annealing of its 39 end with an upstream site gen-
erating a ssDNA loop and subsequently by its elongation that
can even displace the initial template. These intracircular mis-
alignments within the displaced strands favor some improper
DNA elongation and display HIV-1 RT as a degenerating
DNA polymerase to perform SD synthesis.

Formation of the central flap with H1 hybrid was concerned
by such degenerating events, but to a lesser extent, presumably
because of the smaller size of the displaced strand. On the
other hand, two discrete bands appeared with an important
shift from the normal circular dsDNA form during the course
of DNA synthesis with H1 hybrid (Fig. 7, H1). Moreover, this
event was not abolished but was strongly reduced with the H2

hybrid. Changing the ratio of template to primer was critical
for this effect: as the free template was increased in our hybrid
preparation, the amount of shifted band also increased. For a
1:2 ratio instead of 1:4 with H1 hybrid, the two bands appeared
sequentially during the incubation (Fig. 10a; 30 and 60 min),
the slowest band being the latest to be produced. EM visual-
ization explained the sequential formation of these products:
the first band to appear corresponded to a pair of DNA circles
with one dsDNA linked to one ssDNA (ds-ss; Fig. 10a and b),
when the second band contained a pair of two linked dsDNA
(ds-ds; Fig. 10a and d).

Such a visualization confirmed what the previous results
have shown about the efficiency of DNA-to-DNA strand trans-
fer in the course of SD synthesis along the cPPT-CTS site,
according to the strand displacement assimilation model (16).
Indeed, after one round of DNA elongation and SD synthesis
up to the CTS, the nascent strand, which is in competition with

FIG. 8. Analysis of the exact position of 39 end of the nascent
strand with H1 hybrid after 60 min of DNA synthesis. (A and B)
Increasing concentrations of RT (40, 100, or 250 nM) (A) or RT,
RT-NCp, or RT-gp32 (RT, 20 nM; NCp, 2 mM; gp32, 2 mM). DNA
produced from H1 was digested with EcoRI and consequently treated
with phosphatase, followed by a kinase reaction in the presence of
[g-33P]ATP, and then subjected to electrophoresis in a sequencing gel
as indicated in Materials and Methods. With this postlabeling experi-
ment, three labeled DNA strands were generated. The template strand
was linearized, and the nascent strand was cut into a long fragment,
from P1 to the EcoRI site, and into a short fragment, from the EcoRI
site to its 39 end located in the P1-CTS region due to the incomplete
SD synthesis. This fragment migrated in a sequencing gel, when the
length of the two others was longer than 3,000 nt. Lane t is a control
without dNTPs.
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the displaced strand, may dissociate from its original template.
If a complementary strand is available in the mixture, the
nascent strand will reassociate with this template (Fig. 10b)
and, thus, will continue its synthesis on the new template (Fig.
10c and d). The strand transfer is done within minutes for a
nascent strand concentration of 5 nM and, if free templates are

in excess, all of the nascent strands may be transferred (not
shown). Therefore, this strong efficiency of strand transfer
means that competition between the two overlapping strand
strongly favors a 39-59 branch migration to dissociate the nas-
cent strand. This may be an important factor for CTS termi-
nation in an SD synthesis context. When RT dissociates from

FIG. 9. Electron micrographs of single DNA molecules. Representative circular dsDNA molecules produced after a 60-min incubation by RT
are obtained after deposition of the purified DNA products on a carbon film without (e) or with gp32 protein used to coat ssDNA (a, b, c, d, and
f). (a) Circular ssDNA molecule covered by gp32. (b to d) Typical circular dsDNA molecules containing a single-stranded flap revealed by gp32,
H1, and H2, respectively. (c) Localization of the flap within in a linear H1 dsDNA after AlwNI-DraIII digestion. (e and f) Less-abundant species
of circular dsDNA generated from H2 with atypical flaps (see Results). Preparations of the samples for EM are as indicated in Materials and
Methods. Bar, 100 nm.
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FIG. 10. DNA synthesis, strand transfer, and circular dimers. DNA synthesis was carried out with the H1 hybrid for 0, 15, 30, and 60 min (lanes
1 to 4) with a template/P1 primer ratio of 1:2 (RT, 150 nM; H1, 5 nM). Products of the reaction were observed by electrophoresis on an agarose
gel (a) and by EM in the presence of gp32 protein (b to d). The slowest and latest band (ds-ds) to appear in the gel correlates to a population of
DNA on the EM grid, which is represented here by this pair of linked circular dsDNA (d). The intermediate band (ds-ss) correlates to a population
of DNA which represents two linked individual species: each of these molecules is composed of one circular ssDNA linked to one circular dsDNA
(b). Micrograph c illustrates the elongation along the second circle (transition between images in panels b and d). The conditions of reactions,
electrophoresis, fluorescent visualization, and preparations of the samples for EM are given in Materials and Methods. SYBR Green I is much
less sensitive for ssDNA than for dsDNA: for incubation times of less than 15 min, the amount of nonprimed ssDNA is below the detection limit.
Bar, 100 nm.
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one of the ter sites, especially in ter2, a concomitant 39-59
branch migration should occur and definitively prevent further
elongation. This strand transfer also occurred with the H2

hybrid, but to a lesser extent that suggested that the P1-CTS
was especially sensitive to 39-59 branch migration, as already
proposed (16). More experiments are required to better un-
derstand this putative relationship between branch migration
and CTS native termination. While the related recombination
should be avoided in vivo since a DNA acceptor seems to fail
at this step of proviral DNA synthesis, it suggests that the
central flap should be considered as a dynamic structure at
least at the time of its synthesis. The impact of NCp, gp32, or
any other protein(s) still should be evaluated in view of such a
potentially degenerative process which terminates HIV-1 re-
verse transcription with the central flap and the two LTR
sequences (with ;640 nt to be displaced).

DISCUSSION

To study the HIV-1 central flap at the molecular level, we
performed experiments to reconstitute the sequential steps of
the central termination of plus-strand DNA synthesis in vitro.
Our results represent the first example of a complete HIV-1
central DNA flap produced in vitro by the homologous RT.
The reaction is enhanced by HIV-1 NCp. Interestingly, gp32
was shown to be more effective in promoting long-range SD
synthesis. Otherwise, the high level of strand transfer observed
during SD synthesis along the cPPT-CTS site reveals an effi-
cient 39-59 branch migration within the flap. The present data
bear on the consequences of HIV-1 central DNA flap synthesis
on the molecular mechanisms of the poorly understood tran-
sition from RTCs to PICs, which are competent for nuclear
import and integration of the HIV-1 DNA.

The mechanism of RT pausing has been investigated in
detail for the cPPT-CTS region, especially the CTS-associated
ter0, ter1, and ter2 positions (6, 26, 28, 29, 44). These pausing
events, in the context of normal or SD synthesis, strongly
decrease the global RT processivity. The CTS double helix was
shown to locally adopt a certain conformation (compression of
the minor groove) that promotes dissociation of RT (29, 44).
We have extended these previous studies to the entire cPPT-
CTS sequence with a highly purified template in order to
generate the central DNA flap, and we have compared the SD
synthesis with simple elongation. The pausing pattern is similar
with or without SD. However, the SD reaction slows down the
HIV-1 RT-catalyzed DNA synthesis. Our results showed a
10-fold reduction in the overall rate of reaction in a complete
SD synthesis context to reach the ter1 and ter2 sites (Fig. 3).
These data are concordant with previous results obtained with
HIV-1 RT (14, 20) and the MMLV RT (49) in the LTR-
related SD synthesis, even if the MMLV RT appeared to be
more potent in a long-range SD synthesis (49, 50). Otherwise,
SD synthesis with the cPPT RNA to be displaced appeared to
be a very slow process (Fig. 6), as already shown for RNA-SD
synthesis with HIV-1 RT (15) and with MMLV RT (25).

Various interactions between RT and NCp have been pro-
posed during the crucial steps of HIV-1 reverse transcription
(18). Our results indicate that both proteins are required for
the final step of flap synthesis to be efficient. This requires in
vitro the NCp concentration to be sufficient to cover com-

pletely the DNA. In addition, the concentration of RT must be
high to overcome the poor RT processivity along a DNA tem-
plate, especially for SD synthesis (determined here with a
minimum RT/NCp ratio of 1 to 150). The discrete pausing of
RT observed along the HIV-1 DNA minus-strand template
was significantly reduced by NCp during both simple elonga-
tion and SD synthesis, while gp32 preferentially decreased the
pausing during SD synthesis (Fig. 4 and 7). Thus, it seems that
the helix-destabilizing activity of NCp is not the driving force to
promote SD synthesis. When the DNA synthesis products in
the presence of RT and NCp are directly visualized by EM
without purification, it is apparent that they are made within
DNA-NCp condensates (unpublished results). This nucleic
acid condensing activity is an important property of NCp (32,
47). Therefore, the interaction between NCp and RT may hold
RT in the vicinity of the substrate; even so, RT dissociates from
the DNA. This might be especially important within a cellular
environment to stabilize the RTC (9, 33). Concerning the NCp
chaperone activity on nucleic acids, it has been proposed that
the helix-destabilizing activity is counterbalanced by its anneal-
ing activity (41). This could explain the limited effect of NCp to
promote long-range SD synthesis (Fig. 7), while it should be
quite effective for promoting a specific structural arrangement
of the central DNA flap. Besides, NCp did not assist RT in
bypassing the ter2 site, which is only overrun in case of a large
excess of RT (Fig. 5 and 8). This suggests an additional barrier
in SD synthesis to further lock elongation after RT dissociation
from the ter1 and ter2 sites, which should be the potent branch
migration that easily exchanges the nascent strand with the
displaced one (Fig. 10).

Looking at the last steps of plus-strand DNA synthesis leads
to consider together the two HIV-1 termination steps: at the
end (LTR duplication) and at the center (central flap). Nev-
ertheless, how the plus-strand DNA synthesis is coordinated to
lead to the termination steps and consequently to the proviral
DNA is still an open question. The answer to this question is
likely to be crucial to our understanding of the transition be-
tween RTCs and PICs. At the level of LTR duplication, the
efficiency and fidelity of this process has been already dis-
cussed. The SD synthesis to duplicate the LTRs may directly
represent one important barrier to the PIC’s maturation. Dur-
ing the course of our experiments with RT alone, SD synthesis
appeared to easily generate some intramolecular recombina-
tion (Fig. 10), confirming previous results (14). Furthermore,
we observed a better efficiency with gp32 compared to NCp
(Fig. 7) or to the human SSB RP-A (not shown) to promote
elongation during SD synthesis. This suggests that LTR dupli-
cation would require some other component than NCp, i.e.,
another viral protein or some cellular SSB protein, which may
be more potent or more accessible than RP-A, as already
proposed by others (1, 14). The occurrence of a second initi-
ation of plus-strand DNA synthesis, as the HIV-1 cPPT-di-
rected one, has also been proposed to assist the LTR duplica-
tion, since the downstream plus-strand elongation reaches the
LTR locus faster. This would provide the opportunity for two
converging RTs to engage SD synthesis within the LTR (Fig. 1)
(49). This second initiation step also generates two sliding
complexes instead of one along the minus-DNA template and,
thus, changes the transition profile between ssDNA and
dsDNA during the synthesis along the genome (Fig. 1). Sliding
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complexes and ss-ds transition profiles could be major factors
for driving the change in the distribution of proteins linked to
the HIV-1 genome. Apart from the synthesis of the central
DNA flap and of the two LTR ends, such a behavior could lead
to a better-adapted assembly for an active HIV-1 PIC, i.e., to
optimize the most active architecture between the proviral
DNA, the integrase, and the other PIC-relevant proteins.

Coming back to the central flap, this structure could function
as a protein catcher because of its single-stranded nature, the
only significant single strand left after completion of reverse
transcription. This might play a role in binding specifically
certain proteins to the RTC, a step which could promote the
transition from RTC to a functional PIC. If the HIV-1 central
DNA flap retains some direct and specific interactions, then
the primary sequence stretching from the cPPT to the CTS
should contain some specific conformational elements, as al-
ready shown within the CTS minor groove (28, 29). On the
other hand, the flap, which requires an adapted form to resist
the intracellular repair process, especially the flap nuclease
FEN-1, has been shown to be maintained up to some intranu-
clear integration (6). Indeed, the FEN-1 enzyme has been
shown to remove the 59 tail of the HIV-1 central DNA flap
branched to a nonanalogous duplex DNA, where the strand
exchange is avoided (42). In front of this, the branch migration
revealed here (Fig. 9 or 10) and the resulting flip-flop fluctu-
ation may constitute an intermediary step to favor some selec-
tive secondary structure. Alternatively, at the time RT disso-
ciates from the ter1-ter2 locus, the flap may interact directly
with one of the PIC components, avoiding some backward
branch migration. Apart from the NCp, integrase is then a
possible ligand, since the flap mimics an intermediary form in
the integrative pathway (7).

The HIV-1 central initiation-termination strategy of DNA
synthesis has been previously shown to favor the HIV-1 life
cycle (5, 6). Recently, this strategy has been experimentally
shown to optimize the nuclear import of PICs for both HIV-1
and HIV-derived vectors (12, 53). This nuclear import (or
intranuclear targeting) effect may be gained as a consequence
of the double initiation-termination strategy on the PIC assem-
bly, while it clearly involves the nucleophilic properties of some
of their components (13). With regard to simple retroviruses
(e.g., avian myeloblastosis virus and MMLV), which appear
not to possess an active mode of nuclear import, the differ-
ences between the related PICs can be emphasized. The Vpr
and Vpx proteins and the central DNA flap, lentivirus-specific
components, arise as attractive elements to promote the PIC’s
nuclear import (13, 45). Concerning the flap, its genetic sup-
pression showed a marked decrease in nuclear import: it is
proposed to be engaged in direct interactions with the cellular
machinery for nuclear import (12, 53). Soluble cargos and/or
translocation factors within the nuclear pore complexes are
discussed in this context (53). Furthermore, interactions of the
flap with DNA and RNA binding proteins possessing nucleo-
philic properties are also proposed (53).

Finally, it should be addressed why especially lentivirus have
developed such a strategy for a central DNA flap synthesis.
This would, for example, imply comparing the final steps of
reverse transcription, the RTC-to-PIC transition, and the nu-
clear import of the HIV-1 with that of other lentiviruses. This
could lead to a better understanding of both the fundamental

(nuclear targeting of lentivirus) and the pharmacological (anti-
HIV-1 as well as gene delivery) perspectives of such an unex-
pected phenomenon. In this regard, the experimental system
that we have developed allows us to perform in vitro experi-
ments with the central DNA flap as the main actor in order to
analyze both its structure(s) and its fluctuations, to delineate
its binding to the large set of its putative protein partners, to
approach its impact in the RTC-to-PIC transition, and to check
its efficiency in the DNA, or DNA-protein(s), nuclear import.
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